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ABSTRACT

The bioavailability of sediment-associated contants is poorly understood. Often, a triad of
chemical concentration measurements, laboratornynsed toxicity tests, and benthic infaunal
community condition is used to assess whether aantmts are present at levels of ecological
concern. Integration of these 3 lines of evidesdgpically based upon best professional
judgment by experts; however, the level of conasgeamong expert approach and

interpretation has not been determined. In thidystwe compared the assessments of 6 experts
who were independently provided data from 25 Calitoembayment sites and asked to rank the
relative condition of each site from best to worfhe experts were also asked to place each site
into 1 of 6 predetermined categories of absolutelitmn. We provided no guidance regarding
assessment approach or interpretation of suppééal drhe relative ranking of the sites was
highly correlated among the experts, with an averagrelation coefficient of 0.92. Although

the experts’ relative rankings were highly correthtthe categorical assessments were much less
consistent, with only 1 site out of 25 assignetheosame absolute condition category by all 6
experts. Most of the observed categorical diffeesnvere small in magnitude and involved the
weighting of different lines of evidence in indivial assessment approaches, rather than
interpretation of signals within a line of evidend&/e attribute categorical differences to the
experts’ use of individual best professional judgirend consider these differences to be
indicative of potential uncertainty in the evaloatiof sediment quality. The results of our study
suggest that specifying key aspects of the assessapproaclha priori and aligning the

approach to the study objectives can reduce thasrtainty.
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INTRODUCTION

Sediment is composed of a complex matrix of cametits that makes interpretation of chemical
contamination data challenging. Bulk measureshehucal concentration fail to differentiate
between the fraction that is tightly bound to seshinrand the fraction available for transport
across biological membranes via interstitial waténrthermore, some benthic organisms ingest
sediment and can assimilate chemicals bound omtizlea. Thus, even measurement
approaches that differentiate interstitial wategraical concentrations, such as equilibrium
partitioning models or direct measurement of poatewchemistry, do not fully describe
chemical bioavailability in the sediment (Wenngetgal 2005).

Consequently, assessments of sediment quality tonsliare often conducted by augmenting
chemical measurements with toxicity tests and/asisuees of benthic infaunal condition.
Chemical measurements can be enhanced by toxasity tthat integrate the effects of multiple
contaminants. However, toxicity tests are typicattnducted under laboratory conditions and
use species that may not occur naturally at thesteess making it difficult to interpret ecological
significance of the results when used alone. Bemtbmmunity condition is a good ecological
indicator because benthic animals readily exhibpacts of sediment contamination.
Conversely, the use of benthic community condiatome is problematic because the benthos is
potentially affected by a diverse battery of nortaamnant variables including: depth, texture,
organic carbon content, salinity, dissolved oxygencentration, currents, tides, and physical
habitat disturbances. Benthic conditions are affected by biotic interactions, such as
predation and competition. For these reasonshieodmmunities are naturally highly variable.

Habitat measures are often combined into a mullipés of evidence (MLOE) triad that
integrates exposure and effect to assess chenoicaéntration levels in terms of biological
concern (Long and Chapman 1985). Presently, iglesinniversally accepted method for
interpreting triad data and classification of seelms based on an MLOE approach exists
(Chapmaret al. 2002; Wenninget al. 2005; Long and Sloane 2005). Each regulatory or
monitoring program uses an approach developed ghrtheir unique experience. Multiple
approaches for integrating triad data have beerldped, including: simple logic systems based
on presence/absence, statistical summarizationhestdporofessional judgment (Burton étral.
2002, Chapmaet al.2002, Wenninget al.2005). Regardless of the specific integration
approach, most MLOE assessment approaches usé@omef BPJ to address uncertainties or
conflicts in the data (Forbes and Calow 2004, Chaapand Anderson 2005, Lorg al. 2005).
Expert systems based on fuzzy logic methods haeeteen used to integrate complex data sets
and interpret uncertain results in a consistertifas(Hollertet al. 2002), yet even these
approaches must rely on BPJ for the developmediagsification rules.

While general constructs for interpretation aneégnation of triad data exist, experts often
disagree about the importance of different conselements, leading to uncertainty about the
application of BPJ for sediment quality assessmémthis study, we attempt to quantify this
uncertainty by comparing the assessments of 6 texpdio were provided data from triad lines
of evidence and asked to classify conditions foormmon set of sites, using individually
selected approaches and 6 predetermined conddiegaries.
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Methods

We distributed sediment chemistry, sediment toxi@nd benthic infaunal community condition
data for 25 sites to 6 experts and asked thermtotree sites from best to worst condition. We
also asked the experts to rate them categoricallynespect to absolute condition. The experts
were selected to represent a diverse range of @eirgps and experience. One expert was
affiliated with an academic institution, 1 withtate government that has a sediment quality
assessment program in place, 2 with federal agei(tisetired), and 2 with private consulting
firms that are frequently asked to conduct BPJssssents. Each of the experts had at least 15
years of experience in conducting assessmentsioheat quality, including advising national,
state, and local agencies with regards to managesneremediation decisions. The experts
had also authored numerous reports and peer-regipul@ications regarding sediment quality
assessment.

We selected the 25 sites from a California databessted for the establishment of standardized
sediment quality objectives. Sites were seleatenh fthe database by rank ordering them
according to overall chemical concentrations basethe respective mean effects range median
guotient (ERMq; (Longet al. 1995, Longet al. 1998, Longet al.2000) and then randomly
selecting from quartile groups, so that a rangexpiosure conditions were represented. Twenty-
one of the sites were located in euryhaline codstgs$ in southern California; 4 sites were
located in polyhaline areas of the San Francisgo Ba

The data provided to the experts for each siteided depth, percent sediment fines, percent
total organic carbon, chemical concentrations,ditkiand benthic infaunal condition. We
provided chemical concentration data for 11 megdspolycyclic aromatic hydrocarbons
(PAHS), chlorinated pesticides (DDTs and chlordreesd total PCBs (sum of congeners).
Summary results from 3 types of sediment qualitgelines were also provided: mean ERMq,
mean SQGQ1 (Fairest al 2001), and the sum of acute toxic units calcdlatgng the USEPA
equilibrium partitioning approach for PAHs and pades (U. S. EPA 2003, USEPA 2004). The
toxicity data were from a ten-d&ohaustorius estuariusiortality test conducted according to
standard methods (USEPA 1994). Because not #lledMLOE experts had familiarity with
California benthos, we provided benthic infaunaads a four-category condition assessment
developed by consensus of benthic experts (Weistea2007). In addition, benthic species
abundance data were made available to the exgeotsrequest.

We asked the experts to rank the relative sediapegiity of each site from best to worst and to
assign each site to 1 of 6 absolute condition caieg, using any method of their choice.
Although each expert used an approach based oridodl experience and BPJ, the absolute
condition categories were based on categories wwhsideration by the State of California for
use in statewide sediment quality objectives. Adtsocondition categories included:

Unimpacted. Confident that any sediment contamination at theisinot causing
significant adverse direct impacts to aquatic lifdhe sediment conditions support a
benthic community composition that is similar tatthttained in reference areas
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representing the best available conditions in #ggon. Agreement among the LOE is
high.

Likely unimpacted. Sediment contamination at the site is not exqubtd cause
significant adverse direct impacts to aquatic ligome disagreement among the LOE
exists, indicating uncertainty in the classificatio

Possibly impacted. Sediment contamination at the site may be causingrae impacts
to aquatic life, but these impacts may be modeyatariable in nature. LOE agreement
with respect to minor levels of effect may existsobstantial disagreement among the
LOE may be present.

Likely impacted. Sediment contamination at the site is causing Sogmt adverse

direct impacts to aquatic life. Disagreement amibregLOE may exist, but the evidence
for adverse contaminant-related impact is perseasiv

Clearly impacted. Sediment contamination at the site is causing seaéverse direct
impacts to aquatic life.

Inconclusive. Unable to classify the site. Extreme disagreeraeming the LOE
indicates that either the data are suspect oriaddltinformation is needed before a
classification can be made.

The absolute condition assessments were analyzedms of overall disagreement and bias.
First, for each expert, we identified the total tngnof categories for which the expert’s
categorical assessment of a site differed fromibedian categorical assessment of all other
experts for that site. The number of differences then summed for all sites to indicate the
overall rate of disagreement. Second, we calatiite bias of each expert by incorporating a
sign into the sum of the category differences ftbmmedian, with a positive sign indicating a
more impacted assessment than the median. Thefteash expert was determined as the
respective net of positive and negative differenc®i¢es identified as inconclusive by an expert
were excluded from the disagreement and bias @dlouak for that expert.
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RESULTS

We found the relative site rankings to be highlyrelated among all the experts, with an average
Spearman rank correlation coefficient of 0.92 betwexperts (Table 1). We also found that
there were no experts who deviated notably fronr fheers; the range in correlation coefficients
among the experts was 0.83 — 0.97.

Notably, although the experts were highly correlateth respect to ordinal site rankings,
considerable differences in how the experts rdiedites categorically were present. As such,
we found that experts disagreed by more than hoagdor 33% of the sites, categorical
agreement among 5 of the 6 experts was observenhfp24% of the sites, and complete
agreement was obtained for only 1 site (Table 2).

We attributed this inconsistency to bias among ggpeather than random error (Table 3). For
example, Experts 2 and 5 interpreted the toxicitygmistry, and benthic community data more
leniently, ranking many sites as less impacted thair peers. In contrast, Expert 3 consistently
interpreted these indicators more severely thamther experts. Large differences in
classification among the experts were infrequérhong all possible pairwise comparisons, the
experts’ assessments differed by more than 1 cgtéganly 7% of the site pairs.

In addition to disagreement regarding categoriaaking, the experts also disagreed about which
and how many sites should be classified as incen@u Six of the sites were classified as
inconclusive by at least 1 expert, whereas onliye? svere classified as inconclusive by at least
3 experts. Three experts listed no sites as inasive, and Expert 4 assigned 24% of the sites to
this category (Table 2).
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DISCUSSION

Subsequent to receiving their site ratings, werudgved the experts to understand individual
assessment processes. While all of the expedgrated data from MLOE to rank and classify
the sites, each expert used a different specificagerh based on respective philosophy and
experience in relation to the constraints of thiadat. Some of the experts used a numeric
approach that integrated scores or ranks baseelveis|of response within an LOE, while others
based their classifications on more subjective ammspns of concordance and relative
magnitude among the LOEs (Table 4). Despite theasiderable differences in approach, we
observed substantial similarity in outcomes.

Most of the differences in site classification wdtee to differing philosophies with respect to

the weighting of the 3 lines of evidence. Mostha experts placed the greatest emphasis on the
benthic community condition, but differed in applion of the data. Expert 4 used benthic
condition as a low trigger threshold, a way to atiate sites for which no effect was observed,
and placed greater emphasis on the toxicity anthigtey data to assess the biological impact of
chemical exposure. Others used benthos as thaqyrimeans for assessment, considering it the
endpoint of ultimate interest, and then used theraktry and toxicity data as a means for
assessing the likelihood that an effect had beematally mediated. Expert 2 chose not to use
the chemistry data at all, considering toxicitypoa better measure of exposure than chemistry
data given the number of potentially unmeasureanateds in a typical sediment screen and the
inability of routine sediment chemical analysigigscribe variations in contaminant
bioavailability.

All of the experts agreed that it was critical mbnstrate a linkage between chemical exposure
and biological effects in order to classify a statas impacted due to contamination. Making
this link is important for two reasons: (1) to cigiuish between chemical and other causes of
any effects and (2) to provide information on speachemical causes that can be used to
determine sources and management actions (Chapnpaeds). The assessment conducted by
the experts in this study was intended to addiresérst application (i.e., determining if impacts
related to contamination were present). Thisésphmary information needed in the first steps
of a site assessment. Determining the specifimatas responsible for impacts often requires a
larger data set and different analytical approa¢ess, toxicity identification evaluations,
contaminant bioavailability analyses) in order tecdminate among the complex mixture of
contaminants present in most locations and deterthinse most likely responsible for effects.

Few classification differences were due to the sswent approach for individual LOE. Each
expert based assessments of toxicity on the matghabtisurvival, with most using a minimum
significant difference criterion of 80%, which wlaased on the statistical power of the amphipod
test to detect differences from the control (Thyrsbal. 1997, Phillipset al.2001). For

chemistry, where there are numerous methods fesasg magnitude of chemical exposure,
reasonable agreement among 5 of the experts regaldissification of data from this LOE was
noted. The 5 experts relied on a type of collecgmpirically-based approach, such as mean
ERMq or logistic regression (Fiett al 2002), as a primary means of assessment, altitbegh
experts varied in the particular approaches usallléf4). Three of the 5 experts augmented this
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approach with examination of individual chemicahcentrations based on empirically derived
thresholds.

The greatest difference among the experts wasingk of the organics equilibrium partitioning
(EqQP) results as supplemental information (Tabjgdjticularly as EqP assessments sometimes
conflicted with those conducted using empiricaldglines. These differences prompted 1 expert
to classify some of the sites as inconclusive duantertainty regarding the biological
significance of the chemical exposure. Most ofdkperts tended to downplay EqP values
because the values were more likely to conflichwither LOE than empirical approaches.
However, a few experts indicated that they downgdthe use of EQP because of
inconsistencies in the data (i.e., not all EqP ttuents were analyzed at all sites). Although
complete data would have been preferable, similartyor inconsistencies were observed for the
empirical threshold assessments. Consequentlgataeused in this study are representative of
data collated from multiple studies for the devebemt of an integrated regional assessment.

Several of the experts indicated that a more comuleemistry dataset would have aided the
assessment in two respects. First, the includiamf@rmation on sediment factors affecting
contaminant bioavailability, such as sediment aoidtile sulfides (AVS) and the concentration
of black carbon would have enabled Expert 2 toudelthe chemistry data in the assessment and
may have assisted the other experts in resolvingesaf inconsistencies in the data that led to
inconclusive results. Second, the inclusion oadat additional analytes of concern (e.g.,
current use pesticides) would have given some é&xpegater confidence in their assessment
decisions with respect to the chemistry and benfihes of evidence by indicating whether
additional potential toxicants were present. Tduk lof established assessment guidelines for
these additional chemicals is problematic, but rmaddtic models and effects data from the
literature can be used to assist in interpretatiban using best professional judgment.

The data limitation that concerned the experts mast the availability of only a single toxicity
test. Many of the inconclusive site classificaiamere based on inconsistencies between the
toxicity and benthos responses, raising uncertaeggrding the contribution of physical and
chemical factors in the assessment of benthic camtgnoondition. Several experts indicated
that they would have relied on toxicity testing meo resolve these inconclusive findings if data
from additional toxicity tests had been availabMdotably, at least two contrasting concerns were
expressed about use of a single test. On one lieéxperts were concerned about false
positives (a toxicity test response incorrectlyuased to be caused by chemical contamination)
due to effects associated with sediment handldg.an entirely different level, experts
expressed concern about differential sensitivitpagitest species and the possibility that a lack
of sublethal endpoints could lead to false negative

The inclusion of additional toxicity tests wouldveaimproved the experts’ confidence in their
assessments, provided that the additional testsponcated additional pathways of exposure
(e.g., interstitial water), sublethal endpointg(egrowth and fecundity), or longer exposure
durations. The additional results would have vwedithat toxicity was not due to confounding
factors (e.g., sediment particle size or ammomiadl, provided greater assurance that the
presence of toxicity was not overlooked due todh@ce of a single test method that was not
responsive to the contaminants or pathways of expgsresent at the site.
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The benthic ecology data played an important molgetermining the site assessments in this
study, but most experts also identified uncertagwith interpreting the data. The greatest
source of uncertainty was related to the potefdiabenthic infaunal community composition to
be affected by habitat or physical factors andrhleility to distinguish such alterations from
contaminant effects. Additional sources of ungetyaare seasonal changes due to reproduction,
changes in natural assemblage characteristics ahrabitats or geographic regions, and the lack
of consistent methods of interpreting species ahnoel data. We reduced these uncertainties in
this study by providing each expert by with a bentommunity assessment based on the
consensus of benthic experts, which controlledrfany of these factors. This approach may not
be feasible in other studies, and additional stegg be needed to reduce uncertainty such as
identifying the distribution of major benthic commty assemblages, restricting analyses to a
specific time of year, and developing indices dreotstatistical approaches to interpret the data.

The experts also indicated that the ambiguity efghedetermined category definitions, leading
to differences in interpretation, was another pidésource of disagreement. Specifically, they
expressed concern that the assessment categaniesicded several factors: confidence that
there is an effect, magnitude of the effect, akelilhood that the effect is chemically mediated.
This uncertainty is particularly evident where theisagreements occurred along the
classification gradient. Two of the classificaticategories represented “unimpacted” conditions
and 3 represented “impacted” conditions. The oatdisagreement among the experts across
this condition boundary was less than disagreefoemiassification gradations on either side of
the boundary. Notably, we observed complete ageeeamong the experts with respect to this
boundary for 16 of the 25 sites (Table 2). Thithoaigh the experts often disagreed about the
magnitude or certainty assigned to an individu@ slassification, they rarely disagreed about
whether a site was impacted or unimpacted.

Overall, we found the use of BPJ in the integrabba MLOE triad to be a significant source of
variation in the evaluation of sediment contamirexgosure and its environmental impacts.
Differences among the experts regarding assessappnvach, LOE weighting, and indicator
interpretation reveals an important source of ulagaly that should be considered in conducting
ecological risk assessments. The significancbesd results for making management decisions
depends upon the nature of the question. The ihgualarge scale assessments where the
objective is to identify the worst locations or deise the relative condition of sites is likelylie
small, as there was good agreement among the expedarms of overall condition classification
and relative site ranking. The impact will be msignificant with respect to making
management decisions for specific sites, partiutapse with intermediate levels of
contamination, toxicity, or biological alteraticass these sites may be variously classified as
likely unimpacted (no remediation needed), incosigle (more data needed), or likely impacted
(potential remediation).

This study was limited in scope in that only 6 expevere involved and sediments represented
primarily marine locations within California. Whilwe feel that the results are generally
applicable to other habitats and regions, the fipeanounts of disagreement and bias reported
here may change as a function of the number ofggzahts and their level of expertise.
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Conducting a follow up study that included a masenplete data set from a greater diversity of
habitats would strengthen the conclusions fromekercise.

Several steps are recommended in order to redeagnitertainty associated with the integration
and interpretation of Sediment Quality Triad daffast, key elements of the assessment
strategy, such as the relative weight of each Li@i multiple LOE will be combined (e.qg.,
scores, ranks, logic frameworks), and the critemaletermining the assessment conclusion
should be determined during the design of the sti®cond, comparability among studies can
be improved by providing guidance on specific mdtfor measuring sediment chemistry (e.g.,
analyte list, detection limits, how sediment quafjtiidelines are used), sediment toxicity (e.g.,
test methods, toxicity classification threshol@s)gd benthic community condition (e.g., which
metrics or indices to use, criteria for determinimgacts). Finally, uncertainty in sediment
quality assessment can be reduced through impro&ieohg of the individuals interpreting the
data. While each expert participating in this gthdd extensive experience with interpreting
sediment quality data, the expertise of personngtiade and local agencies responsible for
conducting or interpreting sediment quality assesgmis highly variable and can lead to
different interpretations of the same data setis $iuation can be remedied through enhanced
technology transfer and training activities, sushte sponsorship of short courses in sediment
guality assessment and the preparation of guiddocements by international scientific
organizations such as the Society of EnvironmeFraaicology and Chemistry.
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Table 1. Spearman rank correlation of site rank amo  ng experts. N=25, all correlations are
significant at p<0.001.

Expert2 Expert3 Expert4 Expert5 Expert6

Expert 1 0.93 0.97 0.92 0.96 0.94
Expert 2 0.95 0.85 0.94 0.89
Expert 3 0.93 0.93 0.92
Expert 4 0.83 0.87
Expert 5 0.91

Table 2. Categorical site assessment by expert. U= unimpacted, LU=Likely Unimpacted,
Pl=Possibly Impacted, LI=Likely Impacted, CI=Clearl y Impacted, I=Inconclusive. Shaded boxes
indicate sites assigned to impacted categories.

Site Expert1 Expert2 Expert3 Expert4 Expert5 Expert6 Median
1 U U LU U U U U
2 LU Pl Pl Pl LU LU Pl
3 LU LU Pl Pl LU LU LU
4 U LU LU LU U U LU
5 LI Pl LI Pl LU LI LI
6 U U LU U U U U
7 LU I Pl I LU I LU
8 LI I LI I Pl I LI
9 Pl I LI Pl LU I Pl
10 LI Pl LI Cl Pl LI LI
11 Cl Pl LI Cl LI Cl Cl
12 Pl LU Pl Pl LU LU Pl
13 Pl Pl Pl Pl LU Pl Pl
14 LI Pl LI Pl LI LI LI
15 Cl Pl LI Pl LI LI LI
16 PI LU Pb [ 1 ] U PI PI
17 Pl LU Pl LI U Pl Pl
18 U U U U U U U
19 Cl Pl Cl Cl Cl Cl Cl
20 Cl LI Cl Cl Cl Cl Cl
21 Cl LI Cl Cl Cl Cl Cl
22 Cl LI Cl Cl Cl Cl Cl
23 U U LU I U U U
24 U U LU I U U U
25 U U LU I U U U
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Table 3. Summary of categorical assessments for ea  ch expert. Differences in the number of sites
are due to the exclusion of sites classified as inc onclusive. Disagreement values represent is the
total number of category differences between the ex  pert’'s assessment and the median of all other
experts’ assessments. Bias values reflect the net of positive or negative assessment differences.

Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Expert 6
# Sites 25 22 25 19 25 22
Disagreement 7 16 13 10 15 5
Bias 1 -12 11 4 -15 -1

Table 4. Key attributes of the assessment approache s used by experts to classify study sites.

Relative
Expert LOE Used Chemistry Toxicity Benthos Assessment Approach
SQG Use'  Evaluation Weight
1 All ERMq, MSD? Greater LOE Concordance,
SQGQ1 Response Magnitude,
Sum of LOE Scores
2 Benthos None MSD Greater LOE Concordance,
Toxicity Response Magnitude,
Limitations in Toxicity Data
3 All LRM, EqP  Magnitude® Equal Average of LOE Scores
4 All ERMq, MSD Greater LOE Concordance,
SQGQ1 Response Magnitude
5 All SQGQ1 MSD Equal LOE Concordance,
Response Magnitude
6 All ERMq, MSD Greater LOE Concordance,
SQGQ1, Response Magnitude,
EqP, AET Potential for Physical Effects on
Benthos

! ERMq: mean quotient of Effects Range-Median values; SQGQ1: mean quotient of various SQGs; LRM:
probability of toxicity from logistic regression models; EgP: acute toxic units from PAHs and chlorinated
pesticides; and AET: apparent effects threshold.

2 Minimum significant difference of 20% survival relative to control.

% Evaluation based on magnitude of 90-100%, 80-90%, 65-80%, 50-65%, and < 50% survival relative to
control.

10
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